ILICON carbide (SiC) is an attractive material for optical detection in the UV regime owing to its wide bandgaps. SiC photodiodes should have the advantage of very low-dark current, the ability to operate at high temperature, and good visible-blind performance. The material quality of SiC has improved significantly over the last few years and a recent report of widely disparate ionization coefficients [1] suggests that it would be suitable for low excess noise avalanche photodiodes (APDs). In optical receivers limited by weak optical signals and high postamplifier noise, thin APDs can greatly enhance the signal-to-noise ratio by providing internal gain while maintaining a high-operating speed and a low-operating voltage. In this letter, we report the avalanche characteristics of thin 4H-SiC APDs with an i-region width of 0.1 m. The responsivity at unity gain is measured over the wavelength range of 230-375 nm. Photomultiplication characteristics using UV light of variable wavelengths to alter the carrier injection conditions are presented and discussed. The excess avalanche noise characteristics of the APDs at a wavelength of 325 nm are also reported.
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The APD structure comprises a 2 m n layer, a thin i-region, a 0.2-m p-layer, and a thin 0.1-m p cap grown on an n 4H-SiC substrate. The intended doping levels in the n, p, and p layers were 3 10 cm , 2 10 cm , and 4 10 cm respectively. Square mesa diodes with areas ranging from 60 60 m to 210 210 m were fabricated using a 2 positive bevel edge termination technology [2] . Windows were formed on the top ohmic contacts to provide optical access and a thin layer of SiO and Si N was used to passivate the diodes. Secondary ion mass spectroscopy and capacitance-voltage measurements indicate that the thin i region has a width of 0.1 m and an average p-type doping level of 1.5 10 cm . Doping levels in excess of 2 10 cm were deduced for the cladding layers adjacent to the i-region. Reverse dark current-voltage measurements indicate that the breakdowns are sharp and identical for all the diodes tested. The reverse dark current (shown in Fig. 1 ) is very low and increases by several orders of magnitude at the breakdown voltage . The average dark current density at 95% is 8 A/cm . The spectral response of the APD structures was measured using a mercury-xenon lamp, a 0.22-m monochromator, and a lock-in amplifier. The output beam from the monochromator ( 2 nm bandwidth), modulated with a mechanical chopper, was collimated and focussed onto the optical window of the APDs. To determine the spectral responsivity of the APDs, a commercial UV-enhanced Si photodiode was used to calibrate the optical system.
The multiplication characteristics of the APDs under different carrier injection conditions were investigated using UV light from the monochromator. DC photocurrents, from light of wavelengths ranging from 230 to 365 nm, were measured as a function of reverse bias. AC measurements were also taken on some diodes using a lock-in amplifier with the UV light modulated at 180 Hz. The multiplication characteristics from both dc and ac measurements were found to be identical. Gain uniformity of the layer was confirmed by identical multiplication characteristics measured on several diodes across the wafer. Multiplication values in excess of 200 were obtained.
The excess avalanche noise of the APDs at a center frequency of 10 MHz and a noise effective bandwidth of 4.2 MHz was measured using the method described previously by Li et al. [3] . Photogenerated carriers were injected into the high-field region of the APDs by focussing modulated 325-nm light from a HeCd laser to a small spot onto the optical access windows. Several diodes were measured to ensure reproducibility. Fig. 2 shows the spectral responsivity of the APD at unity gain. A peak responsivity of 144 mA/W at 265-nm wavelength, corresponding to an external quantum efficiency of about 67%, is achieved for the diodes. Although the unity gain spectral responsivity curves measured are similar to those of 6H-SiC diodes reported by Brown et al. [4] , these 4H-SiC APDs do not exhibit photo-response for wavelengths longer than 380 nm (see inset of Fig. 2 ) because of their wider bandgap. Consequently, 4H-SiC APDs are expected to have a better visible-blind performance than their 6H counterpart.
The photocurrent characteristics of the APDs illuminated with 230-, 297-, and 365-nm light are depicted, together with the dark current characteristic, in Fig. 1 . The photocurrents obtained with 230-365-nm light are 1-3 orders of magnitude larger than the dark current. Fig. 3(a) shows the normalized multiplication characteristics of the APDs illuminated with 230-365-nm light. A small increase in the primary photocurrent 3 with reverse bias is attributed to widening of the depletion region and a linear correction was used to obtain the normalized multiplication characteristics. The multiplication characteristics from longer wavelength light are consistently higher than those from light of shorter wavelengths. By extrapolating the multiplication characteristics, a value of 58.3 V was estimated for , in close agreement with that obtained from reverse dark measurements. Si [5] and Al Ga As [6] are two materials that are also known to exhibit widely disparate ionization coefficients. For comparison, the electron and hole initiated multiplication characteristics of Si and Al Ga As diodes with m are shown in Fig. 3(b) . The results for the Si diode are simulated using the data from Tan et al. [5] , while those of Al Ga As are taken from [6] . Owing to the smaller bandgap in these materials, multiplication occurs at much lower voltages.
Since the absorption coefficient of 4H-SiC at a wavelength of 365 nm is approximately 80 cm [7] , this light is only weakly absorbed and carriers are uniformly created in the cladding layers and the high-field region of the diodes. Therefore, avalanche multiplication in the APDs illuminated by 365-nm light is initiated by a mixture of carriers comprising electrons injected from the thin p-cladding layer, electron-hole pairs created in the high-field region, and holes injected from the n-cladding layer. As the illumination wavelength decreases, the UV light is absorbed closer to the surface, and consequently fewer holes from the n-cladding layer are injected into the high field region. At a wavelength of 230 nm, we estimate that more than 95% of the light is absorbed in the top p and p-cladding layers. Hence, the multiplication characteristic at 230 nm is mainly initiated by electron injection.
The higher multiplication characteristic measured with longer wavelength UV light shows unambiguously, for the first time, that in 4H-SiC, where and are the electron and hole ionization coefficients, respectively. Despite the thin avalanche width in these 4H-SiC APDs there are still appreciable differences between the multiplication characteristics resulting from 230-and 365-nm light. This contrasts with the much closer electron-and hole-initiated multiplication characteristics of Si and Al Ga As diodes with identical avalanche widths [see Fig. 3(b) ]. By assuming that the multiplication characteristics of the 4H-SiC APDs from 365-and 230-nm light are due to hole-and electron-injection, respectively, the values of and are calculated using the local model and taking into account the nonuniform electric field profile in a manner similar to our other work [6] . The resulting ratio is found to vary from about 20 to 2.5 over the measured electric field range. The actual ratio would be higher than those estimated here since the multiplication characteristics from hole injection would be in reality higher than those from 365-nm light. Fig. 4 shows the excess noise characteristics resulting from carriers injected using 325-nm light. The excess noise from electron initiated multiplication of Si and Al Ga As diodes with m, simulated as before and taken from [8] , respectively, are also included in the figure for comparison. The excess noise of the 4H-SiC APDs was measured up to a large multiplication factor in excess of 65 and was only limited by the dynamic range of the measurement system, thus demonstrating the high quality of these devices and the stability of their avalanche multiplication. The excess noise predicted by McIntyre's local model [9] for various values (where for multiplication initiated by holes) are also plotted in Fig. 4 for comparison. The excess noise of the 4H-SiC APDs corresponds to a value of 0.1 in McIntyre's model. This is the lowest excess noise reported in a m structure to date. The low excess noise achieved in the 4H-SiC APDs can be attributed, at least in part, to the large ratio observed in these diodes. However, dead space, the distance a carrier must travel before it gains sufficient energy to impact ionize, may also contribute to the low excess noise, since it is known to become significant in thin structures [3] . The effect of dead space is clearly demonstrated by the similarly low excess noise achieved in thin Si and Al Ga As diodes (Fig. 4) despite the smaller ratio in these diodes. It should, however, be noted that the excess noise measured in the 4H-SiC APDs with 325-nm light is due to mixed carrier injection and would reduce further if only holes were injected into the high-field region to initiate the avalanche multiplication.
In conclusion, the multiplication results show unambiguously that in 4H-SiC and that the ratio remains large even in thin 4H-SiC APDs. Low excess noise corresponding to in the local noise model was measured using 325-nm light. We expect even thinner 4H-SiC structures to give, in addition to a lower operating voltages, further reductions in excess noise by virtue of the increased dead space effects.
